The introduction of highly active antiretroviral therapy (HAART) in the United States led to impressive declines in human immunodeficiency virus (HIV)-related morbidity and mortality (20, 23, 55) . The two-phase viral decay kinetics observed in patients receiving HAART suggested that eradication of HIV might be possible (56) . Indeed, patients treated successfully with HAART achieved undetectable levels of viremia. However, in almost every patient, when successful drug therapy was stopped, viremia recurred (3, 57) .
HIV type 1 (HIV-1) infection remains incurable because reservoirs of latently infected cells exist. The latent virus in reservoirs is not susceptible to antiretroviral therapy or host immune responses (3, 57) . Resting CD4 ϩ T cells are the best-defined reservoir of latently infected cells. In HIV-1-infected individuals, a small percentage (0.01%) of resting CD4 ϩ T cells isolated from blood contain integrated DNA (3, 57) . However, these cells do not produce new virions constitutively (42, 43) , and only a very small percentage (Յ0.0001%) are latently infected, i.e., produce new virions when stimulated (3, 57) . Because of the low percentage of latently infected resting CD4 ϩ T cells in vivo, it has been difficult to study HIV-1 reservoir formation.
It is unclear how HIV-1 reservoirs form in resting CD4 ϩ T cells. A central question is what role does T-cell stimulation play in the establishment of latent HIV-1 infection and reservoir formation? One hypothesis is that reservoirs form when HIV-1-infected activated T cells return to a resting state (3, 57) . A related hypothesis is that HIV-1-infected resting CD4 ϩ T cells receive transient activating stimuli that allow integration to occur (66, 70, 72) .
The prevailing belief is that HIV-1 does not integrate into unstimulated resting CD4 ϩ T cells (3, 57, 66) . This belief is based on results from several early experiments. First, reverse transcription is very inefficient in resting CD4 ϩ T cells (63, 76, 77) . Furthermore, nuclear import (68) and integration (67) are not detected in HIV-1-inoculated resting CD4 ϩ T cells unless the cells are activated to enter the cell cycle. Progression to cell cycle stage G 1b enhances the efficiency of reverse transcription (39) and results in productive infection (16) , suggesting that entry into G 1b is required for integration to occur. Finally, in HIV-1-infected individuals, proviruses are enriched among resting CD4 ϩ T cells with a memory phenotype (11, 53) , implying that prior activation enables integration to occur.
Our hypothesis is that HIV-1 can integrate into resting CD4 ϩ T cells in the absence of activating stimuli. Previously, we measured the kinetics of reverse transcription in HIV-1-inoculated resting CD4 ϩ T cells (69) and found, as have others (58, 63) , that reverse transcription occurs inefficiently in resting T cells; however, we also found that the long reverse transcripts in resting T cells are more stable than those in activated T cells (69) . The presence (58, 63) and stability (69) 
of long reverse transcripts in resting CD4
ϩ T cells led us to hypothesize that HIV-1 could integrate into resting CD4 ϩ T cells. Consistent with our hypothesis, HIV-1 RNA production is detected in CD45RA ϩ CD4 ϩ T cells in HIV-1-infected individuals (78) and in HIV-infected lymphoid organ cultures (17) . The expression of CD45RA, a marker for naïve cells (14) , suggests that cellular activation may not be necessary for viral production and hence for proviral integration.
Here we showed that HIV can integrate into resting CD4 ϩ T cells in the absence of activating stimuli. A percentage of the resting T cells that contain integrated DNA produce HIV-1 when stimulated. Therefore, latent HIV-1 infection occurs in resting (G 0/1a ) CD4 ϩ T cells. These results suggest that our in vitro system may provide a model for HIV-1 latency.
MATERIALS AND METHODS
Cells. CEMss cells were cultured in 10% fetal calf serum in RPMI plus 1% penicillin-streptomycin. CD4
ϩ T cells were cultured in 10% autologous serum in RPMI with 1% penicillin-streptomycin at 5 ϫ 10 6 /ml after spinoculation. The integration standard was prepared as described elsewhere (51) , except the cultures were maintained in efavirenz to prevent wild-type recombinant virus from replicating. The integration standard cell line was cultured for only 4 weeks after transduction before preparing genomic DNA to minimize the amount of linear DNA present (confirmed by Southern blotting) and to maximize the diversity of integration sites.
Peripheral blood mononuclear cells (PBMCs) were prepared as described previously (69) and stained with saturating concentrations of the following fluorescein isothiocyanate (FITC)-labeled antilineage (CD8, CD14, CD16, CD20, and CD56) monoclonal antibodies and phycoerythrin-labeled antiactivation (CD69 and HLA-DR, as well as CD25 in indicated experiments) markers (BDIS, San Diego, Calif.). CD4
ϩ T cells were sorted into two populations based on the presence or absence of activation markers on a Becton Dickinson FACSDiVa SE ultra-high-speed digital flow cytometer. A lineage-negative population that expressed no activation markers was labeled resting CD4 ϩ T cells, and a lineagenegative population that expressed high levels of activation markers was labeled endogenous activated CD4 ϩ T cells.
Monitoring cells for activation. Sort-purified resting CD4
ϩ T cells were stained with saturating quantities of anti-CD69 and HLA-DR (and CD25 in specified experiments) before and after culture and spinoculation. Cells were monitored for cell cycle status before and after culture and spinoculation by DNA and RNA staining as described elsewhere (69) . In vitro-activated T cells were prepared by stimulating PBMCs for 4 days in the presence of 50 g/ml staphylococcal enterotoxin B (SEB; Sigma). These cells were used to define G 2 of the cell cycle. The same cells treated with 10 M aphidicolin defined G 1b . The same cells stimulated for 1 day with SEB and 2.5 mM sodium butyrate defined G 1a . Aphidicolin prevents entry into S phase. Sodium butyrate inhibits entry into G 1b .
Viruses and vectors. 293T cells were transfected with pIIIB (NG38). The transfection supernatants were passaged in CEMss cells to diminish the amount of input plasmid DNA. Viral supernatants with peak reverse transcriptase activity were treated with DNase at 30 g/ml (Roche Molecular Biochemicals, Indianapolis, Ind.) for 2 h at 25°C. One stock of virus with 1 g/ml p24 was used in the experiments shown in all figures except Fig. 6 , below. In Fig. 6 a different viral stock was used, but it was diluted to match the potency of the viral stock used in the experiments shown in Fig. 1 to 5, below, resulting in an integration level of 0.1 proviruses/cell. Similar results were found with other viral stocks, including pNL4-3 and pYU-2.
Inoculations. Spinoculation was performed as described previously (52) , except resting CD4 ϩ T cells were resuspended at 2 ϫ 10 7 cells/ml in viral supernatant. Viral cell suspensions of 0.4 ml were spun in a 24-well plate at 1,200 ϫ g for 2 h at 25°C. After spinoculation the cells were washed three times and resuspended in 10% autologous serum in the presence of 1.25 M saquinavir (Roche US Pharmaceuticals). For comparison, cells were inoculated with the same viral supernatant at the same cell concentration at atmospheric pressure (1 g).
Assays for viral DNA intermediates. DNA was prepared immediately after inoculation and at multiple time points after culture using a QIAmp blood and cell culture kit (QIAGEN, Valencia, Calif.). Zidovudine at 10 g/ml and L870,810 at 100 nM (Merck Research Laboratories, West Point, Pa.) were used to inhibit reverse transcription and integration (26, 27) where indicated.
Kinetic PCR was performed for strong stop (RU5) to detect short reverse transcripts and ␤-globin as described previously (69) . Second strand transfer to detect long reverse transcripts was measured using the following forward and reverse primers and molecular beacon: 5ЈGCTAGCTAGGAAACCCACTGC TTA3Ј, 5Ј-CTGCGTCGAGAGAGCTCCTCTGGTT-3Ј, and 5Ј-6-carboxyfluorescein-GCGAGTCACACAACAGACGGGCACACACTACTCGC-4-(4Ј-dimethylamino-phenylazo)-benzene-3Ј(Midland Certified Reagent Co., Midland, Tex.). Reactions were carried out in 50-l volumes containing 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 5.0 mM MgCl 2 , 250 M (each) dATP, dCTP, dGTP, and dTTP (Promega, Madison, Wis.), 1,000 nM forward and reverse primers, 200 nM probe, 0.025 U of Platinum Taq (Invitrogen, Carlsbad, Calif.), and 500 nM carboxy-X-rhodamine as a passive reference (Molecular Probes, Eugene, Oreg.). Cycling conditions were 95°C for 2 min and then 40 cycles of 95°C for 15 s, 56°C for 30 s, and 72°C for 1 min.
Integrated DNA was measured by Alu-PCR as described elsewhere with minor modifications (51) . The assay included two nested PCR amplification steps. The first step used primers to Alu and gag. The second step used internal primers to RU5 and a molecular beacon to detect the amplicons kinetically. Controls included performing the first PCR step with only the gag primer (linear preamplification of DNA) as well as performing the first step without any primers (no preamplification of DNA) as described elsewhere (51) . The gag primer control monitors the signal contributed from unintegrated DNA. The integration standard was diluted in 2 g/ml uninfected PBMC DNA to keep the number of Alu sites per reaction mixture constant. Samples were always assayed at two concentrations in triplicate to demonstrate that PCR inhibitors were absent. Dilutions were performed in a constant amount of uninfected PBMC DNA (2 g/ml) again to keep the number of Alu sites per reaction mixture constant.
Assay for viral binding. The amount of p24 gag associated with the cells at the end of inoculation was measured by enzyme-linked immunosorbent assay (ELISA; Coulter Corporation, Miami, FL). The p24 ELISA does not detect p55. The amount of p24 capsids associated with the cells at the end of the inoculation was used to estimate the number of virions bound, as previously described (52) . The calculation assumes ϳ1,500 p24 capsids present per viral particle. The number of virions bound at the end of the inoculation may be an overestimate, as the viral supernatant may contain virus-like particles that lack viral RNA.
Resting CD4 ϩ T cells were stimulated to produce new virions with 20 ng/ml interleukin-7 (IL-7; Sigma, St. Louis, Mo.) or with artificial beads coated with anti-CD3 and anti-CD28 as described elsewhere (8, 9, 59) . The percentage of cells expressing Gag was measured by intracellular staining for Gag. Cells were fixed with 1% paraformaldehyde for 10 min, washed, and stained in permeabilization buffer (2% fetal calf serum, 25 g/ml murine immunoglobulin G [IgG; BDIS], 0.5% Saponin [Sigma]) with phycoerythrin-labeled KC57 (Beckman Coulter Immunology Systems, Miami, Fla.). This IgG1 antibody recognizes p55, p39, p33, and p24 proteins of the core antigens of HIV-1.
RESULTS
Our sort strategy. We set out to develop a strategy that would (i) purify resting CD4 ϩ T cells without activating them during selection and (ii) control for the percentage of contaminating activated cells in our resting population. CD4 ϩ T cells were sorted to be negative for lineage markers CD8, -14, -16, -20, and -56. In addition, the cells were sorted into two populations based on the presence or absence of activation markers HLA-DR and CD69.
The two sorted populations were called endogenous activated CD4
ϩ T cells and resting CD4 ϩ T cells. The endogenous activated cells expressed high levels of activation markers, while the resting cells did not express detectable levels of activation markers (Fig. 1, presort) . In order to measure the percentage of contaminating cells, we analyzed the purity of the two populations postsort. To determine the percentage of cells that lacked activation and lineage markers, we used unstained lymphocytes to set the quadrants in Fig. 1 . Postsort analysis showed that 1% of the endogenous activated population were contaminants and that 1% of the resting population were contaminants (Fig. 1, postsort) . Most of the contaminants in the resting population were not strongly activated cells but were intermediate cells that expressed low levels of activation markers ( Fig. 1, postsort) . Since both resting and endogenous activated populations were contaminated with intermediate cells, in some experiments we also sorted for cells that expressed low levels of activation markers.
The postsort data demonstrated that our sort strategy largely removed contaminating cells from the resting CD4 ϩ T-cell population. As shown in later experiments, our sort strategy allowed us to measure the level of HIV-1 integration in endogenous activated T cells. Therefore, we could measure the signal contributed by contaminating activated cells in the resting cells.
In early experiments CD4 ϩ T cells were negatively selected against the activation marker CD25, in addition to HLA-DR and CD69. We compared HIV-1 integration frequency in
ϩ T cells and found no difference. As a result, we performed the majority of experiments with HLA-DR Ϫ
CD69
Ϫ CD4 ϩ T cells. When we used CD25 Ϫ HLA-DR Ϫ , and CD69 Ϫ CD4 ϩ T cells, that fact is indicated in the text and/or figure legend.
Reverse transcription in CD4 ؉ T cells. We compared the extent of reverse transcription in resting and endogenous activated CD4 ϩ T cells. The two populations of primary CD4 ϩ T cells were spinoculated with HIV-1 IIIB and washed and cultured for 3 days, and DNA was prepared for reverse transcription assays. Reverse transcription was measured on postinoculation day 3 because reverse transcription plateaus at this time in resting CD4 ϩ T cells (58, 69) . Reverse transcripts (Fig. 2) were detected at slightly different levels in the two primary T-cell populations. The activated population contained twofold more reverse transcripts per cell than the resting population (Fig. 2) . Consistent with prior work (69), 100-fold more reverse transcripts were detected in an activated T-cell line, CEMss, at 18 h postinoculation (peak of reverse transcription in activated CEMss T-cell line) compared to resting T cells at 3 days postinoculation (peak of reverse transcription in resting CD4 ϩ T cells). Reverse transcription, entry, or a combination of both occurred much more efficiently in the activated T-cell line CEMss than in endogenous activated T cells. For example, we measured 50 reverse transcripts per cell in CEMss cells compared to 0.8 reverse transcripts per cell in endogenous activated T cells (Fig. 2) . We found that the number of reverse transcripts per cell in the CEMss cell line is similar to the number in artificially (e.g., phytohemagglutinin, CD3 ϩ CD28 beads, SEB) activated T-cell blasts (69).
HIV-1 integrated into resting CD4
؉ T cells. We compared the extent of integration between resting and endogenous activated CD4 ϩ T cells. In the same experiment as above, the cells were spinoculated with HIV-1 IIIB and washed and cultured for 3 days, and DNA was prepared to measure integration. On average, 1 in 10 cells contained integrated DNA. Our HIV-1 integration assay included two nested PCR amplification steps (51) . The first step used primers specific for the repetitive element Alu and HIV-1 gag. The second step was kinetic and HIV-1 specific (51) . We previously demonstrated that our assay is highly sensitive and specific for integration (51) .
Surprisingly, integrated DNA ( Fig. 2) was detected in resting CD4 ϩ T cells 3 days after inoculation. The endogenous activated population contained fivefold more integrated DNA than the resting population (Fig. 2) . Fifty-fold more proviruses were detected in CEMss cells than in endogenous activated T cells (Fig. 2) . In both CEMss and endogenous activated
FIG. 1. Purification of resting and endogenous activated CD4
ϩ T cells. Mononuclear cells were stained with a cocktail of monoclonal antibodies against lineage-specific antigens, including FITC-labeled anti-CD8, -CD14, -CD16, -CD20, and -CD56. Simultaneously, the cells were stained with phycoerythrin-labeled monoclonal antibodies against the activation markers CD69 and HLA-DR. The gates used to define the two populations are shown on the presort panel. Postsort analysis showed that endogenous activated CD4 ϩ T cells expressed high levels of activation markers and resting CD4 ϩ T cells did not express detectable levels of activation markers. To determine the purity of the resting CD4 ϩ T cells, the quadrants were set so that 99% of unstained lymphocytes were in the lower left quadrant. The sorting gates were set conservatively to ensure high purity. We consistently found that only 1% of the resting T cells were contaminants and 1% of the activated cells were contaminants. Dendritic cells copurified with the endogenous activated T cells. We chose not to remove dendritic cells from the activated T cells. We reasoned that the activated CD4 ϩ T cells were more likely to remain activated in the presence of dendritic cells. The resting CD4 ϩ T cells did not contain dendritic cells.
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T cells, the majority of reverse transcripts are integrated, while in resting T cells a minority (ϳ1 in 5) are integrated. Contaminating activated cells could not account for the integration signal in resting cells. In order for contaminating activated cells to account for the integration signal in the resting population, 20% of the "resting" cells would need to be strongly activated CD4 ϩ T cells. However, in the sort strategy we set conservative gates for the resting and activated populations so that there would be little cross-contamination between the populations. Indeed, postsort analysis confirmed that there was very little cross-contamination-the resting population contained only 1% activated cells (Fig. 1, postsort) . ϩ T cells were inoculated under routine and spinoculation conditions and washed to remove unbound virions, and the number of bound virions per cell was measured as described elsewhere (52) . The number of integrated proviruses per cell was measured 3 days after inoculation as described previously (51) . The data are representative of three experiments.
FIG. 3. Reverse transcription and integration have delayed kinetics in resting CD4
ϩ T cells. The number of copies per cell of short reverse transcripts and long reverse transcripts are shown at several time points after inoculation. Short reverse transcripts were detected using RU5-specific primers. Long reverse transcripts were detected using primers specific for reverse transcripts that form after second strand transfer. Integrated provirus is shown at several time points after inoculation. The cells were cultured in the presence of the protease inhibitor saquinavir to prevent spreading infection. When we inoculated resting CD4 ϩ T cells with HIV and cultured in the presence of the integrase inhibitor L870,810 at 100 nM, the integration level was reduced by 96.7% while the level of reverse transcripts was unchanged, demonstrating the specificity of our integration assay. When we inoculated and cultured the cells in the presence of zidovudine at 10 g/ml, the number of reverse transcripts was reduced by Ͼ99%, demonstrating that our viral supernatant contained minimal amounts of contaminating viral DNA. The error bars (standard deviations) are obscured by the symbols. The coefficient of variation ranged from 3 to 17% in this experiment.
CD25
Ϫ HLA-DR Ϫ CD69 Ϫ versus 0.13 Ϯ 0.02 for HLA-DR Ϫ CD69 Ϫ ). Effect of spinoculation on T-cell susceptibility to integration. We previously demonstrated that, compared to routine inoculation (1 g), spinoculation (1,200 ϫ g) increased viral binding to resting CD4 ϩ T cells by ϳ20-fold and increased binding and reverse transcription to similar extents in activated T-cell lines (52). Here we wanted to determine whether spinoculation made cells more susceptible to HIV-1 integration. We inoculated resting CD4 ϩ T cells under routine and spinoculation conditions and then measured binding and integration frequencies. If spinoculation made the cells more susceptible to integration, it would increase integration to a greater extent than binding. We found that spinoculation increased binding and integration to similar extents (Fig. 2B) . Thus, spinoculation did not appear to induce HIV-1 integration.
Kinetics of reverse transcription and integration were delayed in resting CD4
؉ T cell. We and others have shown that the kinetics of reverse transcription are delayed in resting CD4 ϩ T cells (10, 58, 63, 69) . Here we measured the kinetics of reverse transcription again in order to compare the kinetics of integration relative to reverse transcription. To do this, we spinoculated resting CD4 ϩ T cells, prepared DNA at multiple time points, and measured both the number of reverse transcripts and proviruses per cell.
Short reverse transcripts (Fig. 3) rapidly accumulated in resting CD4
ϩ T cells, while long reverse transcripts (Fig. 3 ) accumulated over the 3-day period. In contrast, reverse transcription in endogenous activated T cells (not shown) reached a plateau by 18 h postinoculation. The difference in reverse transcription kinetics was one parameter that distinguished resting CD4 ϩ T cells from endogenous activated CD4 ϩ T cells. Integration kinetics were also delayed in resting CD4 ϩ T cells. Integrated provirus (Fig. 3) was not detected in resting CD4
ϩ T cells at 18 h postinoculation but was detected at 3 days postinoculation. Low levels of integration in resting CD4 ϩ T cells were detected at 48 h postinoculation (not shown). The delayed integration kinetics in resting CD4 ϩ T cells were consistent with the slower kinetics of reverse transcription in these cells (69) (Fig. 3) . By comparison, integration in endogenous activated T cells was detected by 18 h postinoculation (not shown). The difference in integration kinetics was another parameter that distinguished resting CD4 ϩ T cells from endogenous activated CD4 ϩ T cells. Effects of culture and spinoculation on T-cell activation. It was possible that culture and spinoculation activated resting CD4 ϩ T cells. We assayed the activation status of cultured, spinoculated cells in several ways. First, using DNA/RNA fluorescence-activated cell sorter (FACS) analysis (Fig. 4) , we showed that the cell cycle status did not change before spin- oculation, immediately after spinoculation, and 3 days after spinoculation. Second, the cells remained negative for HLA-DR and CD69 expression immediately postspinoculation, at 2, 6, and 18 h postspinoculation, and at 3 and 6 days postspinoculation ( Fig. 5 and data not shown). We assayed for CD69 expression at multiple time points because CD69 is one of the first markers to upregulate after cellular activation (13, 44) . Third, when CD25 Ϫ HLA-DR Ϫ CD69 Ϫ cells were spinoculated and cultured, CD25 did not upregulate (not shown). Fourth, spinoculated cells did not take up bromodeoxyuridine for the duration of the experiment (not shown). We concluded that culture and spinoculation did not appear to activate resting CD4 ϩ T cells.
HIV-1-inoculated resting CD4
؉ T cells were latently infected. We tested whether resting CD4 ϩ T cells that contained integrated HIV-1 provirus (on average ϳ1 in 10 cells) were latently infected, i.e., were capable of producing new virus upon stimulation. We spinoculated resting cells, exposed the cells to different stimuli, and then measured intracellular Gag as a marker for new virus production. When we stimulated HIV-1-inoculated resting CD4 ϩ T cells (CD25 Ϫ HLA-DR Ϫ CD69 Ϫ ) with anti-CD3 anti-CD28 beads, 4.5% of the cells produced Gag, i.e., were latently infected (Fig. 6D) . When we stimulated HIV-1-inoculated resting CD4
ϩ T cells with IL-7, approximately 3% of the cells produced Gag (Fig. 6C) . We obtained similar results when we treated the cells with IL-15 (similar to IL-7), but treatments with IL-2 and with tumor necrosis factor alpha plus IL-6 were less effective at stimulating new virus production (not shown). We concluded that a small percentage of HIV-1-inoculated resting CD4 ϩ T cells were latently infected.
We wanted to demonstrate that HIV-1 integration occurred in resting cells prior to, not as a result of, cellular stimulation. Therefore, we performed CD3-CD28 costimulation in the presence of an integrase inhibitor (diketo-acid L870,810) (26) . Under these conditions, new virus production was still detected, demonstrating that integration occurred in resting CD4 ϩ T cells prior to cellular stimulation (Fig. 6D) . The concentration of L870,810 used (100 nM) reduced the level of integration by 99% in activated T cells and by 97% in resting FIG. 5 . Spinoculation and culture did not induce resting CD4
ϩ T cells to express HLA-DR or CD69. Sort-purified resting CD4 ϩ T cells were stained with anti-CD69 or anti-HLA-DR-FITC immediately after spinoculation (immed. post spin), 3 days after spinoculation (3d post spin), and 6 days after spinoculation (6d post spin). The gray boxes represent the staining seen with anti-HLA-DR and anti-CD69 antibodies. The black line represents the staining obtained with an IgG1 isotype control antibody immediately after sorting. CD69 expression was also not detected at 2, 6, and 20 h after spinoculation (data not shown). The data are representative of three experiments.
FIG. 6. A fraction of resting CD4
ϩ T cells bearing integrated HIV-1 DNA was latently infected. In each plot, the percentage of events in the boxed region is shown. The experiments were performed in the presence of the protease inhibitor saquinavir to prevent spreading infection. (A) IL-7 alone. Uninfected cells treated with IL-7 showed minimal background staining with anti-Gag antibodies. Uninfected resting CD4 ϩ T cells were cultured for 3 days and then stimulated with IL-7 for an additional 3 days. This was a control for background staining with the anti-Gag monoclonal antibody. Isotype control antibodies gave less background staining than anti-Gag antibodies. (B) HIV alone. Unstimulated HIVinoculated cells stained minimally with anti-Gag antibodies. Resting cells were spinoculated with HIV and 6 days later were permeabilized and stained for intracellular Gag. (C) HIV plus IL-7. IL-7 stimulated 3.0% of HIV-inoculated cells to produce Gag. Resting cells were spinoculated with HIV, 3 days later they were stimulated with IL-7, and 3 days after IL-7 addition they were permeabilized and stained for intracellular Gag. Gag was measured 3 days after IL-7 stimulation because Gag production peaked at that time. (D) HIV plus CD3 and CD28 beads. Anti-CD3 and -CD28 beads stimulated 4.5% of HIV-inoculated cells to produce Gag. Resting cells were spinoculated with HIV, 3 days later they were stimulated with anti-CD3 and -CD28 beads in the presence of the integrase inhibitor L870,810, and 24 h later they were permeabilized and stained for intracellular Gag. Gag was measured 24 h after bead stimulation because Gag production peaked at that time. We demonstrated that our integrase inhibitor was effective by inoculating resting CD4 ϩ T cells and culturing them in the presence of the integrase inhibitor L870,810 at 100 nM. Under these conditions, we saw no reduction in the frequency of reverse transcripts, but we found that the frequency of proviruses/cell was reduced by 96.7%.
CD4
ϩ T cells. The same concentration of the integrase inhibitor decreased productive infection of CD3-CD28-activated T cells, as measured by intracellular p24 FACS, from 10% to 0.2% production, effectively blocking productive infection (data not shown).
DISCUSSION
Our results support two major conclusions: (i) HIV can integrate into primary, resting (G 0/1a ) CD4 ϩ T cells, and (ii) a percentage of resting T cells that contain integrated DNA are latently infected. The prevailing belief is that entry into cell cycle stage G 1b is necessary for HIV-1 integration. This belief comes from the observation that HIV-inoculated resting T cells produce new virions when stimulated, through various T-cell activating pathways, to enter cell cycle stage G 1b (2, 5-7, 12, 16, 19, 36, 54, 72) . Here, we demonstrated, using a sensitive kinetic PCR assay, that HIV-1 can integrate into G 0/1a resting CD4 ϩ T cells and that upon stimulation a fraction of the cells containing integrated DNA produce HIV. Thus, we showed that HIV-1 can establish latent infection in resting (G 0/1a ) CD4 ϩ T cells. These results suggest that our in vitro system provides a new model of latent HIV-1 infection. We speculate that in vivo reservoirs may form in the absence of T-cell activation.
Our in vitro latency model parallels important aspects of in vivo HIV-1 latency. First, in our model resting CD4 ϩ T cells did not enter the cell cycle for the duration of the experiment. Similarly, in vivo resting CD4 ϩ T cells do not enter the cell cycle for long periods of time (with half-lives on the order of months) (46, 48, 64, 71) . Second, in our model a minority of reverse transcripts integrated. In vivo a minority (albeit a smaller minority) of reverse transcripts integrate (11, 53) . Third, in our model a fraction of HIV-1-inoculated resting CD4 ϩ T cells were latently infected. Similarly, a fraction (albeit a smaller fraction) of in vivo-infected resting T cells are latently infected.
Our in vitro system differs from in vivo infection in that there is a higher level of integration and latent infection. We speculate that the higher level of infection is due to a higher level of input virions and a lower mutation frequency in our system. We achieve a higher level of input virions by using spinoculation. The higher level of input virions may result in a higher level of integration by overcoming a restriction factor (18) that blocks entry, reverse transcription, nuclear import, or integration. Increased levels of fused virions could potentially saturate such a cellular restriction factor. In addition, the enhanced level of latently infected cells may be due to a lower mutation frequency in our system. In vivo fewer proviruses may be capable of production due to a higher rate of defective (mutated) proviruses. The cytidine deaminases APOBEC-3F and APOBEC-3G (1, 25, 62) each play a role in mutation in vivo (29, 35, 73) , but these mutations are rare in our system (10), as our virions are prepared from cells that express low levels of APOBEC-3F and APOBEC-3G.
The original studies of HIV infection of primary T cells had some technical limitations that we sought to overcome. First, resting CD4 ϩ T cells were often contaminated with activated T cells and dendritic cells (63, 67, 76) or were positively selected with anti-CD4, which could have activated the T cells and copurified dendritic cells. Second, the infection level of resting T cells was compared to the infection level of T blasts that were artificially activated (e.g., phytohemagglutinin activated) (76) . But, in this paper we showed that endogenous activated T cells are less permissive to HIV than artificially activated cells and thus are a more relevant control. Third, because of the low infection frequency in resting cells, integration events may have been so rare that the events were below the assay's detection limit (2, 67) . Fourth, endpoint PCR was used to estimate the frequency of integration (67) . Although state-of-the-art at the time, endpoint PCR is only semiquantitative.
Our methods differed from previous methods in four ways. First, to purify target cells, we used a negative selection procedure that labeled non-CD4 ϩ T cells in order to avoid CD4 ϩ T-cell activation by cross-linking antibodies. Second, we simultaneously purified resting and endogenous activated CD4 ϩ T cells by adding antibodies to activation markers that were labeled with a second fluorescent marker. This enabled us to control more precisely for the integration signal from contaminating activated cells. This was an important control because endogenous activated T cells were less permissive to HIV-1 reverse transcription and integration than T-cell lines and in vitro-activated T-cell blasts-the cells that were compared to resting CD4 ϩ T cells in previous studies. Third, we used spinoculation to increase the infection frequency by pelleting virions onto cells (52) . Because we used spinoculation we could avoid using Polybrene, a potentially activating agent, to enhance infection (38, 39, 76) . Fourth, we developed kinetic PCR-based, quantitative assays to measure HIV-1 binding (52), reverse transcription (69), and integration (51) .
It could be argued that contaminating activated cells caused the integration signal in resting CD4 ϩ T cells. However, we controlled for the signal contributed by contaminating cells by postsort analysis. For example, for the integration signal in resting cells to be due to contaminating endogenous activated cells, 20% of the resting cells would have had to be activated cells. Yet, postsort analysis showed that only 1% of the resting cells were activated cells. The kinetics of reverse transcription and integration in the resting CD4 ϩ T cells were slower compared to the activated cells, further distinguishing the two cell populations. Therefore, we concluded that the integration signal detected in resting cells was not due to contaminating activated cells.
It could be argued that cell culture, spinoculation, or exposure to high concentrations of virions activated the resting T cells and induced HIV-1 integration. In other work, PBMCs exposed to high concentrations of virions enter G 1b and become productively infected (4). It had been assumed that exposure to high concentrations of virions activated the cells. However, the T cells in that study may have been activated by dendritic cell-T-cell interactions in the presence of virus, rather than by exposure to high concentrations of virions alone. Our HIV-spinoculated, HLA-DR Ϫ CD69 Ϫ CD4 ϩ T cells did not become activated in culture as assessed by DNA/ RNA FACS, bromodeoxyuridine uptake staining, and activation markers. While some mononuclear cells, such as dendritic cells, become activated in culture (47), highly purified, lymph node CD4 ϩ T cells become less activated in culture (65) . In vivo resting CD4 ϩ T cells probably display a spectrum of T-cell acti- (65) supports that our resting CD4 ϩ T cells are at the low end of the T-cell activation spectrum compared to in vivo resting CD4 ϩ T cells. We further tested if the process of spinoculation alters the cells to make them more permissive to infection by comparing routine and spinoculation conditions. Previously we showed that spinoculation increases virus binding and reverse transcription to similar extents and that spinoculation does not enhance fusion (52) . In the current study we showed that spinoculation increased binding and integration to similar extents. This suggests that spinoculation does not induce integration or make cells more permissive to integration.
Spinoculation is an important tool in the study of HIV infection in resting CD4 ϩ T cells because it overcomes a significant limitation of routine inoculation. It achieves a higher percentage of HIV-1 integration and latent infection than in vivo infection or routine in vitro inoculation. The higher percentage of latently infected cells in vitro allows us to do experiments that cannot be done using in vivo samples. Spinoculation achieves higher levels of infection because it uses centrifugal force to pellet virions onto cells, thus overcoming the ratelimiting step of virion diffusion to the cell surface. Routine inoculation of T cells results in low levels of infection, because virion diffusion to the cell surface is inefficient. With such low levels of infection it is difficult to detect rare events and difficult to determine whether the rare events are due to contaminating cells. It is possible that spinoculation altered resting T cells and made them more permissive to integration. For example, spinoculation could have induced changes in the expression of stress genes, as occurs in lymphocytes after continuous flow leukopheresis (49) . Even if this is true, spinoculation is a useful technique because it achieves high levels of HIV-1 integration and latent infection in our system. Spinoculation may mimic one aspect of in vivo infection: delivery of multiple virions to a target cell. Similarly, in vivo multiple virions are delivered to one target cell, not through spinoculation but through a virological synapse (30, 31, 45) . In vivo infection probably progresses from infected cell to target cell through cell-to-cell spread, because cell-to-cell spread is more efficient than virus-to-cell spread (15, 21, 22, 60) . By one account, an activated T cell can produce at least 60 virions at one instant in time (79) . Progeny virions budding from an activated infected T cell and HIV-1 receptors on an uninfected target cell cluster in the area of contact between the cells-an area known as the virological synapse (30, 31) . Therefore, it is reasonable to assume that in vivo a productively infected activated T cell or dendritic cell bearing multiple HIV-1 virions delivers many virions to an uninfected resting T cell at the virological synapse (30, 31, 45) .
Valid in vitro models of HIV-1 latency are needed, because in HIV-1-infected individuals latent reservoirs are a major barrier to cure. Using our model we can ask questions that are difficult to study in vivo due to the low level of latently infected cells (24, 35, 42, 43, 50, 75 ϩ T-cell subsets (11, 53) ? In summary, our in vitro system provides a new model of HIV-1 latency that can be used to answer questions about HIV-1 latency and, ultimately, to test therapies aimed at diminishing HIV-1 reservoirs.
